Abstract: Few studies have discussed the role of peritoneal dialysis (PD) in managing acute kidney injury (AKI) in critically ill patients. The present study compares the outcome of AKI in intensive care unit (ICU) patients randomized to treatment with tidal PD (TPD) or continuous venovenous hemodiafiltration (CVVHDF). One hundred and twenty-five ICU patients with AKI were randomly allotted to CVVHDF, (Group A, N = 62) or TPD, (group B, N = 63). Cause and severity of renal injury were assessed at the time of initiating dialysis. The primary outcome was hospital mortality at 28 days, and secondary outcomes were time to recovery of renal function, duration of stay in the ICU, metabolic and fluid control, and improvement of sensorial and hemodynamic parameters. No statistically significant differences were observed between groups in regard to patients' characteristics. The survival at 28 days was significantly better in the patients treated with TPD when compared to CVVHDF (69.8% vs. 46.8%, P < 0.01). Infectious complications were significantly less (P < 0.01) in the TPD group (9.5%) when compared to the CVVHDF group (17.7%). Recovery of kidney function (60.3% vs. 35.5%), median time to resolution of AKI and the median duration of ICU stay of 9 days (7-11) vs. 19 days (13) (14) (15) (16) (17) (18) (19) (20) were all in favor of TPD (P < 0.01). This study suggests that there are better outcomes with TPD compared to CRRT in the treatment of critically ill patients with AKI.
Acute kidney injury (AKI) is a common complication in patients treated in the intensive care unit (ICU) and is associated with considerable morbidity and mortality. Renal replacement therapy (RRT) is frequently needed when supportive therapy and the level of endogenous renal function is not sufficient to meet the patients' metabolic demands. Since the end of the 1990s, continuous venovenous therapies have gained prominence and become the method of choice for treatment of AKI in the ICU setting (1).
Hyman et al. (2) have reported a transition of dialysis methods prescribed for AKI from 1994-1995 to 1996-2000. During the first period, continuous venovenous therapies accounted for only 9% of all RRT, while intermittent hemodialysis (IHD) and peritoneal dialysis (PD) were prescribed in 83% and 8% of cases, respectively. During the second period, approximately 26% of all treatments for AKI were with CRRT, while PD remained an infrequent choice of treatment. Even though PD is now rarely used to manage patients with AKI (2) , and has been replaced by continuous venovenous therapies, it should not be discarded as a therapeutic option (3, 4) . PD has recently been suggested to provide outcome data as good as daily HD in the management of ICU patients with AKI (3, 5) , and guidelines for the use of PD to treat patients with AKI clearly stated that PD provides an acceptable treatment option for patients with AKI (4) . Further, PD offers several advantages over HD by being a simple, safe, gentle, and efficient RRT method. It is able to correct AKI-induced metabolic, electrolytic, acid-base disorders and volume overload in an ICU setting (3, 4, 6) . Aggressive PD modalities, such as high-volume PD and continuous flow PD, can provide RRT doses and efficiency comparable to extracorporeal blood purification methods (7) . PD is particularly suitable for patients with hemodynamic instability, and in conditions where systemic anticoagulation should be avoided (8) . PD, however, may have some potential limitations such as the need of a viable peritoneal cavity, the risk of peritoneal infection and protein losses and the possible lower efficiency in certain conditions (9) (10) (11) . There is little recent literature on the use of PD to treat AKI patients, and what exists often does not address fundamental parameters such as adequate quantification of dialysis and patient catabolism. No randomized controlled trial has been done comparing PD to CRRT and, moreover, no study in AKI using tidal peritoneal dialysis (TPD) with the new biocompatible PD solutions has been published. Given these limitations, there is a pressing need to evaluate the adequacy of TPD and biocompatible solutions in AKI in ICU and to compare its outcome with that of continuous venovenous therapy using accepted standards.
PATIENTS AND METHODS
A randomized study of patients with AKI and multi-organ involvement admitted to the ICU and requiring RRT was performed according to Helsinki's Declaration and the Principles of the Declaration of Istanbul at King Fahd University Hospital, Al-Khobar, Saudi Arabia. The study was conducted from November 2013 to December 2016 with prior approval from the King Fahd Hospital Human Ethical committee. All ICU specialists had longstanding experience with continuous venovenous hemodiafiltration (CVVHDF), whereas the nephrologists had experience with TPD. All patients were above 18 years of age. Written and informed consents were obtained from all patients (or legal guardians if patient was unable to consent) to participate in the study and to report individual patient data. AKI was defined as a rise in serum creatinine of 0.3 mg/ dL or more from baseline or an hourly urine output of less than 0.5 mL/kg, as per the Acute Kidney Injury Network (AKIN) classification (12) . Indications for RRT were any one or a combination of blood urea 80 mg/dL or higher, serum creatinine 3 mg/dL or higher, serum potassium 5.5 mEq/L or higher, metabolic acidosis with arterial pH 7.2 or lower, and hourly urine output of less than 0.5 mL/ kg for more than 12 h despite correction of volume depletion. Patients were randomized to receive either pump-assisted CVVHDF (Group A) or continuous TPD (Group B). Exclusion criteria were ESRD (defined as eGFR <15 mL/min per 1.73 m 2 for ≥3 months), pregnancy, life-threatening pulmonary edema, ongoing peritonitis, recent abdominal surgeries, or AKI of obstructive origin. Vascular access for CVVHDF was a double-lumen 12 Fr hemodialysis catheter introduced into either the internal jugular or the femoral vein. Speed of the blood pump was adjusted between 180 mL and 200 mL/min (PrismaFlex system, Gambro, Hospal, Lyon, France). The dialysate used was Hemosol (Gambro), a bicarbonate-buffered dialysate with a composition of 140 mmol of sodium, 0 mmol potassium, 1.75 mmol calcium, 0.5 mmol magnesium, 109.5 mmol chloride, 25 mmol hydrogen carbonate and 3 mmol lactate per liter. The prescribed dialysis dosage (defined by effluent rate) was 30 mL/kg/h to take into account CRRT "downtime" for clotting and procedures, and fluid removal rate varied based on assessment of volume status. Replacement fluid (Hemosol) was given as 30% pre-filter and 70% postfilter. The replacement fluid rate was adjusted based on the fluid removal rate to keep the prescribed does of 30 mL/kg per h. Unfractionated heparin was given pre-pump, and the dose was adjusted to keep clotting time around 2.5 times normal values. In patients with a bleeding tendency, the circuit was rinsed with heparinized saline and saline flushes 150 mL were given pre-filter every 15 min. Our protocol indicated that treatment should be given continuously with a change of membrane every 48 h. In patients randomized to TPD, a flexible double cuff Tenckhoff catheter (Flex-Neck Classic Peritoneal Dialysis Catheter, Merit Medical Systems, Inc. South Jordan, UT, USA) was used. All PD catheters were inserted by trained nephrologists using Al-Hwiesh technique (13) (Fig. 1) . Tidal peritoneal dialysis of 25 L/day, using Physioneal 1.36-2.27% and occasionally 3.8% as clinically indicated, each fill 2.0 L and tidal volume of 70%. Each PD session lasted 24 h, and sessions were repeated daily. Both groups were assessed for organ involved (kidney, liver, heart, lungs) at the time of dialysis initiation in addition to blood urea nitrogen (BUN), serum creatinine, serum electrolytes, and arterial blood gases every 12 h and on termination of dialysis (Table 1) . In each group, cause of AKI and severity of illness was assessed using the APACHE (Acute Physiology and Chronic Health Evaluation) II score (14) and Glasgow coma scale (15); these were assessed by the intensivist. Time taken to initiate dialysis after the initial consultation, time to prepare dialysis access and initiate dialysis, duration of dialysis, and total and net ultrafiltration were analyzed (Table 1 and Table 2 ). The primary outcome was hospital mortality at 28 days. Uremia was considered to be corrected when BUN declined to less than 40 mg/dL or to less than 50% of its initial value. Acidosis was considered improved when pH reached or exceeded 7.25, or when serum bicarbonate reached or exceeded 15 mEq/L, or both. Hyperkalemia was defined as serum potassium of 5.5 mEq/L or more; it was considered to be corrected once the level reached 5.0 mEq/L or less. Fluid overload was determined by clinicians using clinical evaluations based on assessments of pitting edema, fine basal lung crepitations, raised jugular venous pulsation, chest X-ray and a central venous pressure of 12 cm H 2 O or more. Secondary outcomes were recovery of renal function, duration of stay in the ICU, occurrence of adverse events, metabolic and fluid control, improvement of sensorium and improvement of hemodynamic parameters. Patients who were not fully conscious or oriented in time and place were considered to have altered sensorium. All patients requiring inotropic and/or vasopressor support for blood pressure maintenance were considered to have hemodynamic instability; correction was defined as the withdrawal of inotropic and/or vasopressor supports. Time to recovery of kidney function was defined as time to definitive withdrawal of RRT. To avoid any bias in the attribution of the effect, adverse events (hypotension, catheter infection, catheter change, bleeding events, arrhythmias, hypoglycemia, hypomagnesemia, hypocalcemia, hypophosphatemia, or thrombocytopenia) were recorded from inclusion in the study until RRT withdrawal. Hypotension was defined as a systolic arterial blood pressure of 90 mm Hg or less. Hypocalcemia was defined as serum calcium concentration of less than 8.0 mg/dL (corrected for albumin), hypomagnesemia as serum magnesium of less than 1.5 mg/dL, hypophosphatemia as serum phosphate concentration of less than 2.0 mg/dL, hypoglycemia as blood glucose concentrations of less than 90 mg/dL and thrombocytopenia as a platelet count of less than 100 000/μL. A decision to stop dialysis was generally taken when adequate correction of uremia, fluid overload, hyperkalemia, and acidosis were deemed to have been achieved, or when urine output had improved, or both. Endpoints included cessation of dialysis after improvement and a minimum period of 3 days of not requiring dialysis was necessary for the patients to be classified as successfully withdrawn from dialysis, transfer to conventional dialysis (IHD or PD on chronic basis), cessation of dialysis because of complications, and death.
Statistical analysis
Randomization method was a block randomization by pairs of envelopes: one with TPD and the other CVVHDF. Continuous variables are expressed as median and interquartile range (IQR; 25th (Q1) to 75th (Q3) percentiles) or mean AE SD and categorical variables are expressed as percentage. Nonparametric Spearman's rank test was used for continuous variables correlation and Mann-Whitney test used for comparison of two groups. P-values were not adjusted for multiple testing and therefore should be considered descriptive. Assuming a 20% difference in primary outcome between the two groups, for 80% power and 95% confidence, it was calculated that a sample size of 188 patients would be required to observe a statistically significant difference. Because we were able to include only 125 patients in a 3-year period at a single center, a significant difference in outcome was not anticipated. Variables with significant univariate associations were candidates for multivariate analysis. Kaplan-Meier curve was used to assess survival in each group. The statistical analysis was performed using SPSS for Windows version 20 (IBM Inc., New York, NY, USA).
RESULTS
The study involved a total of 194 patients with AKI in the ICU setting. Sixty-nine patients were excluded from the study, the remaining 125 patients were then randomized for treatment with either CVVHDF (Group A, N = 62) or TPD (Group B, N = 63) (Fig. 2 ). Patient's demographic and clinical characteristics are shown in Table 1 . There was no statistically significant difference in age, gender, the median (IQR) systolic and diastolic blood pressure, median (IQR) baseline eGFR and the initial median (IQR) BUN and serum creatinine between the two groups. The median (IQR) time from ICU admission, the median (IQR) time from consultation to start RRT, and the median time to prepare dialysis access and initiate dialysis were similar in both groups. The differences in the mean APACHE II score at initiation of CRRT and the mean Glasgow coma scale were insignificant between the two groups. The CRRT dose prescribed for our patients was 30 mL/ kg per h as described in the methods but the mean dose delivered was only 23.55 AE 4.21 mL/kg per h. The primary end-point; the 28 day survival, was significantly better in the patients treated with TPD than in those treated with CRRT (Fig. 3) . Recovery of kidney function was better and seen faster in patients of Group B. The median (IQR) time to resolution of AKI and the median (IQR) duration of ICU stay were also significantly shorter in the patients receiving TPD compared to CRRT (Table 2) . Several variables were evaluated at the end of each 24 h of dialysis in each group (Table 3) . At the end of day 7, metabolic control, as reflected by BUN and serum creatinine was better in the TPD group when compared with patients treated with CVVHDF. Better response of metabolic acidosis was observed in the former and correction of hyperkalemia was faster and more significant in those patients. Net ultrafiltration was significantly better in the first 4 days in patients treated with CVVHDF as compared to those treated with TPD but at the end of 7 days the difference was not significant (Table 3) . Infectious complications related to the RRT were seen more often in the CVVHDF than in the TPD patients. Table 4 shows the adverse events according to treatment group and the causes of death are 
DISCUSSION
The management of AKI in ICU setting requires, in addition to conservative treatment, a decision concerning when to start RRT. Once RRT is needed, the treating physician should choose between its different modalities, i.e. intermittent hemodialysis, CVVHD, CVVHDF or PD. Such a decision is not always easy, taking into consideration the hemodynamic instability of the ICU patients and the feasibility of implementing the different modalities. For the last two decades, PD has been considered a second class treatment for ICU patients who develop AKI and it has been rarely used in the developed world (2). This might be because of lack of PD experience, and/or knowledge by intensivists and nephrologists working in ICU settings, the limitations attributed to PD, and/or a lack ‡ Catheter change due to infection or malfunction.
§ Bleeding events reported when transfusion is required.
¶ Arrhythmia means supraventricular or ventricular.
† † Thrombocytopenia related to the procedure. of appropriate resources. In December 2015, as part of the First African Dialysis Conference organized in Dakar, Senegal, physicians from West African countries who have participated in the Saving Young Lives Program reviewed their experiences establishing peritoneal dialysis (PD) programs to treat patients with acute kidney injury (AKI). What was most notable about that experience was the clear demonstration that PD is a safe and efficient modality for patients with AKI in ICU setting (16) . Our PD unit at King Fahd University Hospital is one of the most experienced in the Middle East with PD therapy. Importantly, we have developed a new technique in PD catheter insertion that made the rapid institution of PD much simpler than before (13) . In our study, Physioneal was chosen as a potentially more physiologic dialysate as it limits the potential undesirable side effects of the lactate-buffered solutions (17) . It was suggested, therefore, that a combination of a physiologic bicarbonate concentration (25 mmol/L) and a lower lactate concentration (15 mmol/L) (B/L 25/15 solution, registered as Physioneal) might have the dual benefit of adequately correcting acidosis and improving the biocompatibility profile of the solution, and thus be preferred over a pure lactate-based or bicarbonate-based solution (15) . The pCO 2 of this B/L 25/15 formulation is at the physiologic level and is therefore considered safe (18) (19) (20) . This study was initially designed to compare the use of TPD as a form of CRRT with CVVHDF for the treatment of AKI in the ICU, focusing on the impact of the two therapies on mortality and recovery of renal function in this group of hemodynamically unstable patients. The study by Ponce et al. in 2012 (3) renewed the interest in using PD for patients with AKI. Encouraging results were observed in that study for biochemical profile and pH levels. There was significant reduction in BUN and creatinine levels, with stabilization of BUN values (<50 mg/dL) and creatinine (<4 mg/dL) after four daily sessions of large volume PD. Another important study by the same author showed that PD is able to adequately treat critically ill AKI patients without significant complications (21) . The same group also performed a randomized trial in 120 AKI patients comparing high volume PD (60 patients) with daily intermittent hemodialysis (60 patients) in terms of efficacy and outcomes (8) . In that study, mortality did not differ significantly between the groups (58% for high volume PD vs. 53% for daily hemodialysis). The rate of renal recovery was similar for both modalities, but high-volume PD was associated with a shorter time to recovery (7.2 AE 2.6 vs. 10.6 AE 4.7 days). The interest in PD to manage AKI patients has been increased and PD is now frequently used in developing countries because of its lower cost and minimal infrastructural requirements. Studies from these countries have shown that with careful thought and planning, critically ill patients can be successfully treated using PD. (22) Some of the classic limitations of PD use in AKI, such as infectious and mechanical complications and poor metabolic control, have been decreased with the use of cyclers, flexible catheters, and a high volume of dialysate (23) . The relatively good outcomes that have been reported by acute PD programs in low resource settings in the treatment of AKI also contributed to the recent ISPD recommendation that acute PD can be utilized safely and efficiently to treat AKI (4). In 2012-2013, Chionh and his group (11) searched MEDLINE, CINAHL, and Central Register of Controlled Trials. Eligible studies selected were observational cohort or randomized adult population studies on peritoneal dialysis in the setting of AKI. Chionh's metanalysis found no evidence to suggest significant differences in mortality between peritoneal dialysis and extracorporeal blood purification in AKI. However, only 11 studies were found comparing PD and continuous or intermittent RRT. And, of the 11 studies, only four were randomized trials and the best of them (8) was criticized for flaws in randomization and inclusion criteria. The authors, thus, strongly pointed to the need for good-quality evidence and additional studies in this important area. To our knowledge, none of the published papers (8,24-28) compared TPD (using Physioneal solutions) with CVVHDF in AKI-ICU patients. Compared with the previous randomized trial of Ponce et al. (29) that did not show differences in terms of survival or recovery of renal functions between HD and high-volume PD, our results demonstrated a remarkable difference in favor of TPD over CVVHDF (survival rates of 69.8% vs. 46.8%, P < 0.01). While Katirtzoglou et al. (30) reported BUN levels below 100 mg/dL which were considered satisfactory at that time for patients with AKI treated with continuous PD, Gabriel and colleagues (7) achieved BUN values around 50 mg/dL and creatinine at <4 mg/dL with high volume peritoneal dialysis used for treatment of AKI in the ICU setting. Chitalia et al. (31) demonstrated that CPD was able to maintain BUN levels at about 65 mg/dL in mild and moderate hypercatabolic AKI patients from India. Our results are encouraging, as we observed better metabolic outcomes with TPD. There was a significant difference in the levels of solute markers between TPD and CVVHDF after 3-4 sessions of dialysis, with stabilization of BUN values below 33 mg/dL, and serum creatinine below 2.5 mg/dL. In addition, serum bicarbonate increased to above 20 mEq/L and serum potassium declined to less than 4 mEq/L (Table 3) after 3-4 sessions of TPD. As in Ponce's study (7), we observed a shorter time to recovery of kidney function in patients treated with TPD compared to extracorporeal blood therapy [5 days (IQR 4-6) days versus 8 days (IQR 7-10)] for TPD and CVVHDF, respectively (P < 0.01). In our study, the infectious complications were less common with TPD when compared with CVVHDF. Central venous catheter manipulations by different operators and handling by different nurse staff throughout CVVHDF, in addition to the presumptive value of PD in inflammatory cytokines removal might be responsible. The study conducted by Dittrich et al. (32) illustrated the importance of PD in removing the proinflammatory cytokines, particularly, interleukins that could directly relate to the phenomena of capillary leak syndrome, infections and organ dysfunction. Recently, it has been found that substances that may induce and/or potentiate inflammatory responses are effectively removed mainly by PD but not by dialyzer membranes such as those used in CVVHDF (33, 34) ; these substances include certain advanced glycation end-products, complement proteins, adrenomedullin and others (35) . Removal of proinflammatory cytokines by PD may not be the only explanation for the significantly higher incidence of sepsis in our patients' population with CVVHDF treatment compared with the TPD group. Repeated central vein catheterization by different operators with all its drawbacks, handling of the catheter site by different nurse-staff teams and in some cases the need to change the whole set more than one time because of clotting and other problems may also be responsible. Central vein catheterizations (CVC) afford the luxury of immediate access to the circulation without the requirement for cannulation; however, these devices are plagued by their propensity for infection, thrombosis, inadequate blood flow, damage to large central veins, overall cost and increased mortality risk which make their use problematic. CVC-related bacteremia averages between 3.4 and 5.5 incidences per 1000 catheter days with the resultant potential for the development of complications including sepsis, endocarditis and death (36) . Although it has been suggested that diaphragmatic movement may be compromised in patients on ventilators, and vasoconstriction of peritoneal capillaries may limit solute transport in critically ill hypotensive patients (37), we did not encounter a negative impact of these theoretical assumptions during the management of our patients. Our study, however, has its limitations: (i) our patients are less sick as per APACHE scores as to what is reported in the literature. (ii) They are also of a younger age with different causes of AKI and possibly less comorbidities. (iii) Patients with abdominal surgery were excluded to avoid difficulties and complications during PD procedure. (iv) In addition, the study is limited by its small numbers and being a single center design. (v) The main limitation, however, is that our patients' population may not truly reflect the kind of patients usually seen in an ICU setting and that our threshold to start dialysis was earlier.
CONCLUSION
The present study suggests that tidal peritoneal dialysis is an effective form of renal replacement therapy that can be safely used in acute kidney injury patients in the intensive care unit setting. Mortality and infection rates were lower, recovery of kidney function was faster, the duration of renal replacement therapy was shorter, and the length of intensive care unit staying was less with tidal peritoneal dialysis than with continuous venovenous hemodiafiltration. Tidal peritoneal dialysis is a simple technique that may be considered for more widespread use to manage patients with acute kidney injury in the intensive care unit setting.
